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Abstract 

^ Neutron stars (NS) can be made of normal hadronic matter (generally called NS) or they can 

have exotic states of matter in their interiors, like quark matter or color superconducting matter. 
Stars can have such exotic states up to their surface (called strange stars (SS)) or they can only 
have a quark core surrounded by hadronic matter, known as hybrid stars (HS). The hybrid stars 
is likely to have a mixed phase, such as both hadron and quark phases, in the intermediate re- 
gion. Observational results also suggest huge surface magnetic field in certain compact stars called 
magnetars. The conversion of NS to SS/HS is a highly energetic process, in such conversion, the 
equations of state (EOS) of matter changes, resulting in the change in their masses. Special theory 
of relativity relates mass to energy, therefore such conversion leads to huge energy release, of the 
order of 10^^ ergs. In this work we study the energy released by such conversion process. We 
also study the energy released by normal pulsars and magnetars. The final state of the star after 
conversion may be a SS or a HS, we have calculated the energy released for these final states. The 
energy released in the conversion of NS to SS is greater than the energy released in the conversion 
of NS to HS. We study the effect of magnetic field in the EOS. We find that if the magnetic field 
strength is of the order of lO^^G or more, the effect in the EOS is significant and thereby the 
effect of the conversion process. The energy released by magnetars is found to be more than that 
of normal pulsars, for NS to SS conversion process, whereas for the conversion of NS to HS the 
energy released by magnetars is less than normal pulsars. The amount of energy released by such 
conversion may only be compared to the energy observed in the gamma ray bursts (GRB). 
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INTRODUCTION 



The observed millisecond pulsar PSR J1614-2230 [l| recently, was found to have a very 
high mass, M = 1.97 ± 0.04 M©. This value, together with the other pulsar J1903+0327 
of mass M = 1.667 ± 0.021 Mq {2] are much larger than any previous measured pulsar 
masses. Pulsars with such high masses, for the first time, has imposed strict constraints on 
determining the equations of state (EOS) of matter describing compact stars. The EOS of 
quark matter usually has strangeness in them and therefore, provides an additional 
degree of freedom. This extra degree of freedom softens the EOS, that is, reduction of 
pressure for a given energy density. As a result, quark stars (QS) and hybrid stars (HS) 
cannot reach high value of maximum masses. However, new calculations has found that the 
effects from the strong interaction, such as one-gluon exchange or color-superconductivity 



can make the 



OS stiffer and increase the maximum masses of QS and HS js-luj. Ozel 12 1 



and Lattimer 13| were the first to study the implications of the new mass limits from PSR 



J1614-2230 for QS and HS within the MIT bag model. 

It has been well known for a long [xsj that the conversion of a neutron star (NS) to 
a strange star (QS) liberates huge amount of energy, simply because the star mass changes 
during the conversion process. From Einstein theory of relativity, mass being equivalent to 
energy, the mass difference is manifested in the form of energy released. The first calculation 
of the energy released by such conversion was proposed by Alcock et al. [l^ and Olinto 
I15I I. More detailed similar calculation for the conversion of NS to HS was done by Cheng 

n n 

& Dai [16| and Ma & Xie [17[. Almost all of them found the energy estimated to be greater 
than lO^^ergs, and connected them with the observed gamma ray bursts (GRB). But recent 



observation 



18 



19| shows that the GRB to occur at cosmological distances, and so such 



energies are too low to power GRB at such huge distances. A systematic calculation was 
then done by Bombaci & Datta [2^, using different models of EOS and they estimated the 
energy released during conversion, which is the order of lO^^ergs, that is in agreement with 
the observed GRB. 

If the beaming and the 7-ray production of the GRB are quite high, then the central 
engine which powers such conversion process can release energy of the order of lO^^erg. 
Thereafter, various models for GRB have been proposed. Mergers of two NS or a NS and a 



black hole in a binary 



2l[ | being some popular models. But the recent calculation of Janka & 



Ruffert [22| had shown that the energy released in such neutrino-antineutrino annihilation 
is much smaller to account for the GRB, thought to be occurring at large cosmological 
distances. So, there is still no definite answer for the central engine which powers such huge 
energies in the GRB. 

The only other astrophysical events which can come near the energy budget of GRB 



are the recent 
SGR 1806-20 



y observed giant fiares. Three giant fiares, SGR 0526-66, SGR 1900-1-14 and 



231] have been detected so far. The huge amount of energy in these fiares can 



be explained by the presence of a strong magnetic field, whose strength is estimated to be 
larger than lO^^G, and such stars are named magnetars. On the other hand, theoretical 
calculation has suggested that such strong magnetic field may effects the gross structure of 
NS. A strong magnetic field affects the structure of a NS through the metric describing the 
star 



24 



25| or by modifying the EOS of the matter through the Landau quantization of 



charged particles 



26|-|30|. 



Therefore in this work, we plan to carry out the energy released during the conversion of 
NS to SS and NS to HS. The HS is likely to have a mixed phase region, and we construct a 
mixed phase of HS using Glendenning construction. We also aim to study the energy released 
for the above mentioned conversion with stars having huge magnetic field (magnetars). In 
the next section (Section II), we give the outline of the calculation involved in the energy 
released. In section III, we discuss about the EOSs which we have used. Then we discuss the 
magnetic field effects on the EOS in section IV. Section V is dedicated to the calculations and 
results. In the last section VI, we summarize our results and have a concluding discussion. 



ENERGY RELEASED DURING CONVERSION 

The total energy released in the conversion of NS to quark star (QS), can be either SS or 
HS, is actually the difference between the total binding energy of the strange star BE(QS) 
and the total binding energy of the neutron star BE(NS) 

Et = BE{QS) - BE{NS). (1) 

In terms of the gravitational mass, it can be written as difference between the gravitational 
mass of the NS and QS 

Et = [Mg{NS) - MG(Q5)]c^ (2) 
3 



where Mq is the gravitational mass of a star. 

The total conversion energy can then be written as the sum of gravitational and internal 
energy change 

Et = Ei -\- Eg- (3) 

These internal and gravitational energy of conversion can be written in terms of the 
gravitational and internal binding energies of the NS and QS, which can further be written 
in terms of their respective gravitational and proper mass (or rest mass) 

Ej = BEj{QS) - BEi{NS) = [Mp{NS) - Mp{QS)]c^, (4) 
Eg = BEg{QS) - BEg{NS) = [Mp{QS) - Mg{QS) - Mp{NS) + Mg{NS)]c'', 

where Mp is the proper mass or rest mass of a star. The proper mass and the gravitational 
mass of a star can be obtained by solving the structural equations for non-rotating compact 



stars by Tolman-Oppenheimer-Volkoff equations 3l||- The gravitational and proper mass is 
given by 

rR 

Mg = / 4:7rr^e{r)dr, (5) 
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e(r), 



where e(r) being the total mass-energy density and m{r) the gravitational mass enclosed 
within a spherical volume of radius r. 



HADRONIC AND QUARK EOS 



We use the non-linear relativistic mean field (RMF) model with hyperons (TMl param- 
eters) to describe the hadronic EOS. In this model, the baryons interact with mean meson 



fields 
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36|. 



The Lagrangian density having nucleons, baryon octet (A, S*^'^, ) and leptons can be 



written in the form 
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38| 



b ^ 



1 



+ T.M'^^^d''-^L]ipL- (6) 

L 

The leptons L are assumed to be non-interacting, whereas the baryons are coupled to the 
meson (scalar a, isoscalar- vector and isovector- vector p^). The constant parameters of the 
model are determined by fitting the nuclear matter saturation properties. The TMl model 
'ails to explain the experimentally observed strong AA attraction. Mishustin & Schaffner 
3^ corrected the model by the adding two mesons, the isoscalar-scalar a* and the isovector- 
vector (f), which couple only with the hyperons. In our calculation we have used this model 
and denote it as TMIL. 

Maintaining charge neutrality and beta equilibrium, the energy density and pressure are 
given by [38i] 



1^2 ^2 ^ 1^2^2 ^ 1^2 ^2 ^ 1^2^ ^*2 ^ 1^2 ^2 ^ ^^^4 ^ 



We employ the simple MIT bag model [39|] to describe the quark EOS. The up, down 
and strange quark masses are taken to be 5MeV, lOMeV and 150MeV respectively. For the 



bag model, the energy density and pressure can be written as i 



E A r^dpp'^mj + p^ + Bo, (9) 

, ZTT^ JO 

=u,d,s 



T. i-J''dv^I—~Ba, (10) 



i=uA,s 



A 



67r2 Jo /^2 ^ 



where the Fermi momentum pp^ as pp'^ = \J lA ~ ''^i- 9i is the degeneracy of quarks i. Bq 
is the bag constant and is considered as a free parameter in the model. 

The matter is assumed to be neutrino-free {p^^ = p-Pe = 0)5 and like the hadronic matter 
the quark matter is also charge neutral and beta equilibrium. 



INCLUSION OF MAGNETIC FIELD IN EOS 



he magnetic field is assumed to be along the z axis, and can be written as B = Bk 



40 



4l| , and so the charged particles get Landau quantized in the perpendicular direction 



to t 



26 



le field. Therefore tlie energy of the nth Landau level (n being the quantum number) 
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42| takes the form 



Ei = Jp,^ + m,2 + \q,\B{2n + s + 1) . 



(11) 



In this equation s is the spin of the particle and is equal to s = ±1 for the up(+) and 
down(-), respectively. Pi is the momentum along the field direction of particle i. Writing 
2n + s + 1 = 2i^, the energy of the particle can be rewritten as 



Ei = Jpi^ + rrii'^ + 2u\qi\B = Jpi"^ + mf^ . 



Therefore, the total energy density of the hadronic matter now takes the form 

1 2 2,1 22,1 22,1 2 *2|1 2i2|3,4 ^ 



(12) 



2 ^ ■ 2 



2 

87r2 



(13) 



b I 

where the last term being the magnetic field contribution. The pressure can simply be 
represented as 



jUi - e . 



(14) 



For the quark matter, the thermodynamic potential in presence of strong magnetic field 



is written as 



37 



43| 



'^9i\qi\B 



E 



dEidEf -mi-2u\qi\B. 



The total energy density and pressure of the strange quark matter are given by 

£ = E + -^G + E 

i i 

p = -j2n,-BG. 



(15) 



(16) 



EOS FOR THE MIXED PHASE 



We use Glendenning conjecture 44] to determine the mixed phase. The conjecture de- 
termines the range of baryon density, where both the hadron and quark phases coexist. The 
stellar matter is electrically charge neutral, therefore the hadron and quark phases may be 



separately charged but maintaining charge neutrahty in the mixed phase. The Gibbs condi- 
tion determines the mechanical and chemical equilibrium between two phases, and is given 



by |37|, 



Pupif'ej fJ-n) — PQpif^e, fJ-n) — PmP- (17) 

The volume fraction occupied by quark matter in the mixed phase is x, and the hadronic 
matter is (1 — x) and is connected as 

XpT + (1 - X)pr = 0, (18) 

where pc is respective charge density. 

The energy density of the mixed phase eMP and the baryon density of the mixed phase 
nup can be calculated in terms of hadronic and quark energy density and baryon density. 
It is given by 

eMP = Xeqp + (1 - x)eHP, (19) 
riMP = Xnqp + (1 - x)^hp- (20) 

The mixed phase lies in between the hadronic and quark phase, where both the phase 
coexist maintaining global charge neutrality. 

RESULTS 

To begin with, we would assume that a NS, with a sudden density change at the core, 
undergoes a phase transition. The resultant star may be a SS or a HS. We would also 
assume that the initial and the final star central density are same (baryonic mass is not 
conserved). The difference in the baryonic mass may be caused by some ejection of matter 
in the form of charged particles through the magnetic lines of force, which may produce jets. 
The conversion process may continue up to the surface or may die down after some distance. 
This depends on the initial energy difference between the matter phases at the center of the 



star and also on the initial density and spin fluctuation of the star |44l |. 

With this assumption we then construct our initial and final star. For the initial NS, we 
have considered relativistic mean field EOS model for the nuclear matter. The final star 
may be a SS or a HS. With the above mentioned nuclear and quark EOS, we construct the 
mixed phase HS based on Glendenning approach. The hadronic EOS in our calculation is 
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FIG. 1. Pressure as a function of energy density for different EOS. The hadronic EOS is denoted 
by TMIL (the softer) and NL (stiffer), the quark EOS is denoted as quark, and the mixed phase 
EOS is denoted as mix. 
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TABLE L Table showing the energy released during the phase transition from NS to SS/HS for the 

non magnetic star. The masses are in terms of solar masses and the energies in terms of 10^'^ergs. 
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fixed, but we can regulate the quark EOS by changing the bag constant. The masses of the 
light quarks are quite bounded and we take them to be 5MeV (u) and lOMeV (d). The mass 
of s-quark is still not well established, but expected to lie between 100 — SOOMeV. Therefore, 
we have kept the mass of the s-quark fixed at ISOMeV. We take different bag constant (Bg) 
to have different quark matter EOSs. For simplicity, we will denote i?G^^^ = ^70MeV = Bg. 
For the mixed phase EOS, a mixed phase region with constant bag pressure less than 170 
MeV is not possible, having mass of s-quark ISOMeV. Thus, we have shown results with 
bag pressure ITOMeV for SS and HS. With such bag pressure it is impossible to produce 
massive compact star, therefore, for comparison we have also shown results for SS with bag 
pressure 145MeV. For comparison, we have also shown results with much stiffer hadronic 



EOS, non linear walecka (NL) [451]. In figure [H we have plotted pressure as a function of 



energy density for different EOSs. The hadronic EOS is moderately stiff and the MIT EOS 
with bag 145MeV is quite stiff, whereas the MIT EOS with bag pressure ITOMeV is quite 
soft. The mixed phase EOS with bag pressure ITOMeV goes from the hadronic to quark 



Table I shows the energy released by the conversion of NS to SS. For the first set of 
EOSs, with RMF and bag 145MeV, the energy released is negative. This is because the 
final star is more massive than the initial star, therefore, such conversion is not possible. 
This conversion process is energetically restricted. For bag pressure ITOMeV, we find that 
such conversion of NS to SS is possible, and the energy released is few times lO^^ergs. This 
conversion process is energetically possible because the initial star is more massive than final 
star and the energy released during the conversion of hadronic matter to quark matter drives 
the conversion process. We also find that with the increase in central density from six times 
normal nuclear density (6no) to eight times normal nuclear density (8no), there is a fall in 
energy released. This is because, the hadronic EOS reaches maximum mass at much less 
density than the quark EOS. As mentioned earlier, we have used a stiffer hadronic EOS (NL) 
for comparison. With such hadronic EOS, the conversion of NS to SS with bag 145MeV is 
possible, as the energy released in this case is positive. This is because the initial hadronic 
star has greater mass than the final star. The mass difference is positive, which drives the 
conversion process. The energy released for this case is much higher and is the order of 
10^'^ergs. As we go to higher central density, the energy released decreases because at such 
densities the hadronic stars reaches maximum mass but for the quark EOS the maximum 




EOS. 
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FIG. 2. Pressure against energy density for different EOS witliout and with magnetic field, witli 
field strength 2 x lO^^G. 



NS^SS 


rib/ no 


Mg{NS) 


Mp{NS) 


Mg{SS) 


Mp{SS) 


Eg 


Ej 


Ej' 


TMIL bagUb 


6 


1.684 


1.855 


1.747 
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1.803 
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1.855 
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1.04 


-1.1 
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13.48 




8 
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1.15 


1.314 


0.13 
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TMIL bagllQ 
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1.684 


1.855 


1.28 


1.38 


-1.27 


8.49 


7.22 
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1.638 


1.796 


1.385 


1.515 


0.5 


5.02 


4.52 



TABLE II. Table showing the energy released during the phase transition from NS to SS/HS with 
magnetic field of 2 x lO^^G. The masses are in terms of solar masses and the energies in terms of 
10^^ ergs. 



mass is still not reached. It is the characteristic of the hadronic EOS that it saturates at 
lower densities. Next we calculate the conversion of NS to HS. As stated earher, it is not 

possible to construct mixed phase HS with bag 145MeV, we have shown results only for 
bag 170MeV. The qualitative result remains the same, and the energy released is slightly 
lower. For simple TMIL NS to HS, the energy released is of the order of lO^^ergs and for 
NL hadronic EOS the energy released is lO^^ergs. 

Next we consider magnetic field in the EOS. The effect of magnetic field is insignificant 
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if the field strength is less than 10 G. Magnetic field makes the curve softer due to the 
negative effect of Landau quantization on the matter pressure and the positive effect on 
the matter energy density. Such magnetic field have almost no effect on the hadronic EOS, 
but has significant effect on the quark EOS. The EOS for mixed HS in the low density 
region is not much affected, however in the high density region its change is significant. 
The magnetic field makes the mixed phase EOS fiat, that is in the intermediate region the 
pressure is larger than the non magnetic EOS, that is in the intermediate region the EOS 
is stiff but it become soft later in the higher densities. In fig El we have shown EOS curves 
with and without magnetic field, for the quark and mixed phase EOS. The magnetic field 
therefore makes the EOS for the quark matter soft, which thereby makes the mass-radius 
curve fiat. Therefore, for a fixed central density the mass of the SS having magnetic field is 
much less than that of the SS without magnetic field. The surface field strength observed in 
magnetars lie between lO^^G to lO^^G. Therefore in our calculation, we have taken the effect 
of mag netic field in the EOS, with field strength 2 x lO^^G. With the magnetic field and 
bag pressure being constant throughout the star, higher surface magnetic field makes the 
mixed phase region to disappear. As shown in Table II, for the first set of EOSs, with simple 
TMIL hadronic model and bag model with bag constant 145MeV in the quark matter, the 
energy released is negative and the conversion process is energetically restricted, we therefore 
would move to the set with bag constant 170MeV in the quark matter. The energy released 
lies between 10^^ — lO^^ergs. Comparing with the non magnetic case, the energy released 
is higher (~ 60 — 70%). This is because, for a fixed central density, the mass of the SS is 
much lower than that of the non magnetic star. The mass of the NS does not change much 
with the magnetic field. For the NS to HS conversion with the magnetic field the energy 
released is lesser than the NS to SS (~ 50%). This is because for the mixed phase EOS, 
in the intermediate density range the EOS is stiffer than the non magnetic counterpart, 
making the mass of the magnetic HS higher than the non magnetic HS. The energy released 
in the conversion process of NS to HS having magnetic field effect does not change much in 
comparison to the non magnetic conversion process (~ 5 — 10%). The magnetic field have 
slight effect on mixed phase EOS. Such low energy value can also be responsible for the 
fact that the conversion process cannot sustain up to the star surface, and stops inside the 
star, resulting in the HS having both quark region (conversion possible) and hadronic region 
(conversion stops). 
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The previous calculation done by bombaci & datta [20| , assumed that the baryonic mass 
of the star to remains unaltered. In their work the energy released for such a conversion 
process is always about few times lO^^ergs. With the same baryonic mass, the NS has always 
greater mass than the final SS or HS. Therefore energetically such conversion process are 
always possible. 

We therefore, find that there is conceptually some basic difference between the two as- 
sumptions. Although for most of the cases, with the two assumptions the energy released 
is around 10^'^ergs, the qualitative results are different. For the fixed baryonic mass as- 
sumptions the energy released is always positive and is always few times lO^^ergs. For the 
fixed central energy density the conversion process is always not possible and it is ener- 
getically restricted if the final mass of the star is greater than the initial mass, that is, if 
the quark EOS is much stiffer than the hadronic EOS. Also for the fixed central density 
assumption, the conversion process is accompanied by particle or matter ejection. The main 
result from our calculation is that the energy released in the conversion of NS to SS/HS is in 
the range 10^'^ — lO^^ergs. For some cases the conversion process is energetically restricted. 
The energy released in the conversion of NS to SS is always greater than the energy released 
during conversion of NS to HS. This huge amount of energy release is only comparable to 
the energy observed during the GRB. As the detailed picture of the conversion mechanism 
is not known, we have no idea of its true nature. But we may guess that magnetars would 
release the energy more efficiently from their magnetic poles than the normal NS. We also 
are unsure about the nature of the magnetic field after the conversion process. The main 
result of our calculation is that the energy released in such conversion processes depends 
on the initial and final star masses, and therefore a initial NS cannot result to final more 
massive SS or HS. 



SUMMARY AND CONCLUSION 

In this work, we have calculated the energy released during the conversion of NS to SS 
or HS. The total energy released is the sum of the gravitational and internal energy of 
conversion. Our first assumption was that the conversion process starts with a sudden spin 
down of the star, resulting in a huge density fiuctuation at the core, initiating the phase 
transition. The baryonic mass is not conserved, and the central density remains same after 
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the conversion process. The difference in the baryonic mass can be restored by assuming 
some mechanism for mass ejection of charged particles through the magnetic hues of force, 
producing jets. The conversion process may continue up to the surface or may die out after 
some distance. This depends on the energy difference between the matter phases at the 
center of the star and also on the initial density and spin fluctuation of the star. For the 
NS we have considered relativistic mean field EOS model for the hadronic matter. For the 
quark matter (SS or a HS), we have considered simple MIT bag model. For the HS we have 
considered mixed phase region, between the outer hadron and inner quark matter. We have 
used two bag pressures in our calculation, 145 and ITOMeV. For comparison, we have also 
used the stiff NL hadronic EOS. As it is not possible to construct mixed phase HS with the 
given set of EOS having bag constant 145MeV, therefore, for HS we have shown results only 
for bag constant 170MeV. 

We find that if the mass of the final star is greater than the initial NS, the conversion 
process is energetically restricted. Therefore, a initial NS cannot produce more massive 
SS/HS. We also find that for most of the cases the energy released is of the order of lO^^ergs. 

For the stiff hadronic EOS the energy released is much higher. The energy released for the 
conversion of NS to HS is almost same as that of the energy released in the conversion of 
NS to SS. 

We have also studied the conversion of NS to SS/HS both having high surface magnetic 
field (observed magnetars) . The effect of magnetic field is insignificant if the field strength is 
less than lO^'^G. We have shown result with magnetic field 2 x 10^"'G, as for a fixed magnetic 
field, we do not get a mixed phase region with higher magnetic field. Magnetic field makes 
the curve less stiffer due to the negative effect of Landau quantization on the matter pressure 
and the positive effect on the matter energy density. The effect of the magnetic field on the 
EOS for the hadronic matter is not very much but for quark matter it is quite significant. 
Therefore, the change in mass of the hadronic star and HS is not much, whereas the change 
in the mass of SS is of considerable amount. The energy released during the conversion of 
NS to SS is slightly higher, than the non magnetic field induced EOS. The energy released 
in the conversion of NS to HS is less than the conversion of NS to SS, which can also be 
responsible for the fact that the conversion process cannot sustain up to the star surface, 
and stops inside the star, resulting in a HS having both quark region (conversion happens) 
and hadronic region (conversion stops). 
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Assuming the baryonic mass of the star to remain unaltered, Bombaci and Dutta 20 1 
performed their calculation and found that the NS has always greater mass than the final 
SS. Therefore energetically, such conversion process are always possible. There is significant 
difference between the two assumptions. The energy released is quite different. With the 
assumption of fixed baryon mass, the energy released is always few times lO^^ergs. But with 
assumption of fixed central density the energy released can be as high as lO^^ergs. Also for 
the fixed central density assumption the conversion process is accompanied by particle or 
matter ejection. The magnetic field makes the quark EOS much softer, and so the energy 
released in the conversion of NS to SS/HS is larger than the non magnetic field. As the 
actual process takes place at cosmological distances, we do not have a better understanding 
of such phenomena. We are not sure about what fraction of the energy released is used in 
initiating and maintaining the conversion process. As there are no other source of external 
energy available to the star, other than the rotational energy, a huge amount of energy may 
be used in the actual conversion process. We can only conclude that if a small fraction of 
the energy of the conversion process is released it may manifest itself at least in the form 
of giant flares, that are associated with the magnetars. If a substantial amount of energy is 
released, it may answer for the energies of the GRB. Therefore, a detailed study, theoretical 
and observational, is still needed for the pulsars and magnetars to have a understanding of 
the energetic of the conversion process. 
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